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Introduction {#sec001}
============

The proper maintenance of homeostasis is central to all living organisms. Glucocorticoid (GC) hormones are released via activation of the hypothalamic--pituitary--adrenal (HPA) axis and are prominent regulators of homeostasis \[[@pone.0192701.ref001]\]. GCs orchestrate a vast repertoire of behavioral and physiological adjustments in response to changes in the external or internal environment. However, the effects of GCs might vary depending on the length of exposure and the extent of GC level elevation \[[@pone.0192701.ref002],[@pone.0192701.ref003]\]. Long-term (days/weeks/months) and substantial increases in GCs were found to be detrimental to organisms and to impair performance, while short-term (minutes/hours/days) and mild (i.e. within baseline range) elevations in GC levels may have positive effects, either via preparation or hormesis \[[@pone.0192701.ref004],[@pone.0192701.ref005]\]. Nonetheless, such effects need further scientific attention given that few experimental studies manipulated GC levels within the baseline hormone range (but see \[[@pone.0192701.ref006]--[@pone.0192701.ref008]\]; reviewed by \[[@pone.0192701.ref009]\]) and assessed the consequences of more natural GC levels on fitness or physiology.

It is increasingly recognized that GC-mediated stress response maintains homeostasis by regulating components of the physiological regulatory network \[[@pone.0192701.ref010]\], including two main domains of the latter: immune system and oxidative balance. GCs were traditionally considered to inevitably exert a suppressive effect on the immune function \[[@pone.0192701.ref011]\]. However, an unconditional GC-induced immunosuppression would not be adaptive as the proper functioning of the immune system is essential for sustaining homeostasis, as well as for recovery from stress \[[@pone.0192701.ref011]--[@pone.0192701.ref013]\]. Several recent studies have demonstrated that short-term and mild increases in GC levels enhance rather than suppress the immune function (\[[@pone.0192701.ref014]\]; reviewed by \[[@pone.0192701.ref011],[@pone.0192701.ref012],[@pone.0192701.ref015]\]). The current view is that short-term and mild elevation in GC levels can be beneficial either by priming the immune system or via a hormetic effect, whereas prolonged high levels of GCs are more detrimental by causing an allostatic overload that ultimately results in a down-regulation of survival-enhancing functions, such as immunity \[[@pone.0192701.ref004],[@pone.0192701.ref012],[@pone.0192701.ref013],[@pone.0192701.ref015]\].

Oxidative state is another physiological axis with strong effects on homeostasis. Oxidative stress is the state of imbalance between pro-oxidants produced by normal cellular respiration and the antioxidant defense system in favor of the former, and it implies the oxidative damage of vital cellular components (lipids, proteins and DNA) \[[@pone.0192701.ref016]\]. Oxidative stress is functionally linked to both GCs and immune function \[[@pone.0192701.ref017],[@pone.0192701.ref018]\]. Accumulating evidence suggests that GCs cause oxidative stress, disrupt cellular integrity and ultimately contribute to the ageing process (reviewed by \[[@pone.0192701.ref017],[@pone.0192701.ref019]\]). However, GCs can also stimulate the expression of genes that encode antioxidant enzymes and consequently reduce oxidative stress \[[@pone.0192701.ref017]\]. The majority of experimental studies conducted to date induced a short-term (i.e. few days) elevation in GC levels well above the natural baseline (or even the peak) levels \[[@pone.0192701.ref017]\]. The effect of such extreme GC levels might contrastingly differ from that of chronic stress \[[@pone.0192701.ref020],[@pone.0192701.ref021]\]. For instance, it was demonstrated that the GC-induced oxidative stress is mediated by the low-affinity GC receptors that are only activated at high GC concentrations \[[@pone.0192701.ref022]\]. The effect of chronic but mild increase in GCs on redox state are much less studied \[[@pone.0192701.ref017]\]. Moreover, the vast majority of studies that investigated GC-induced oxidative stress are either *in vitro* (organelles and cell cultures) or *in vivo* that involved laboratory model organisms with often limited applicability to free-living animals \[[@pone.0192701.ref017],[@pone.0192701.ref023],[@pone.0192701.ref024]\]. Only a handful of studies assessed the effect of GC administration on redox state in free-living species either in their natural environment or in captivity (reviewed by \[[@pone.0192701.ref017]\]).

Here we studied the effect of a within baseline range and long-term elevation of GC level on both condition (body mass, hematocrit and infestation) and physiological state (immune system and oxidative balance). We experimentally increased corticosterone level (CORT; the main GC in birds) using 60 days release pellets implanted in wild-caught house sparrows *Passer domesticus*. We followed the effects of treatment over two months at multiple levels (as suggested by \[[@pone.0192701.ref025]\]); (1) cellular level: glutathione (an intra-cellular non-enzymatic antioxidant) and phospholipid peroxidation; (2) individual (physiological) level: hematocrit, constitutive innate immune activity (natural antibodies and the complement system), plasma non-enzymatic antioxidants (total antioxidant capacity and uric acid), body condition and coccidian (intestinal parasite) infestation. We predicted that the exogenous hormone treatment will (1) induce a chronic increase in circulating CORT within the baseline range (level B; *sensu* \[[@pone.0192701.ref026]\]); (2) body mass and hematocrit will decline according to the duration of manipulation \[[@pone.0192701.ref027]\]; and (3) on the short-term (i.e. few days), treatment will enhance innate immunity and reduce oxidative stress \[[@pone.0192701.ref012],[@pone.0192701.ref017]\], but a long-term (i.e. weeks/months) chronic elevation of CORT will suppress the immune system, exacerbate coccidian infestation and induce oxidative stress \[[@pone.0192701.ref012],[@pone.0192701.ref017],[@pone.0192701.ref027]\].

Materials and methods {#sec002}
=====================

Study animals and general procedures {#sec003}
------------------------------------

Adult male house sparrows (*n* = 42) were caught on two cattle farms (near Cojocna and Copăceni villages, Transylvania, Central Romania) between 2 and 5 August 2011. Shortly after capture, birds were transported to the campus of the Babeş-Bolyai University, Cluj Napoca (46°46\'N, 23°33\'E, approximately 30 min travel) and were housed in two indoor aviaries (4 × 3.5 × 4 m each) in two equally-sized flocks. Aviary conditions are detailed in the Ethics Statement below. Photoperiod was set to be identical to the natural light:dark regime throughout the experiment. Birds were left to acclimate until they finished their complete post-breeding molt (i.e. till early November), consequently all individuals experienced identical captive conditions for over three months prior to treatment. The experiment started with CORT pellet implantation (see below) on 18 November 2011 and lasted until 26 January 2012.

Study timeline and CORT treatment {#sec004}
---------------------------------

The CORT implantation was carried out on 18 November 2011 (day 0). Prior to implantation, we took pre-treatment biometry measurements (body mass with Pesola spring balance ± 0.1 g; tarsus length with digital caliper ± 0.01 mm) and drawn a blood sample (100--150 μL) into heparinized capillaries from the brachial vein (*t*~0~ sampling session) to measure pre-treatment immune and oxidative state markers. The reason why we could not measure baseline CORT at *t*~0~ is that all birds were implanted on the same day (see below), and it was impossible to capture all birds and take blood samples from all of them within 3 min. Therefore CORT was not measured from the *t*~0~ samples, but the immune and oxidative stress parameters that are less responsive to short-term acute stress were analyzed from the *t*~0~. Blood samples were stored in a cooling box at \~4°C for no more than 2 h until being centrifuged for 5 min at 6,200 *g*. Plasma fractions were stored at --50° C until subsequent laboratory analyses (6 months at most).

Birds were randomly allocated to either of the two experimental groups, control or CORT-treated, and both aviaries had equal number of birds from both groups. CORT pellets (0.5 cm diameter, biodegradable carrier-binder; Innovative Research of America, Florida) contained a total dose of 2 mg CORT for an estimated 60 days release (i.e., 1.13 ng CORT / g body mass / day, computed with 29.5 g, the average mass of birds at pre-treatment). Control pellets were similar in size but without hormone content. Pellets were implanted subcutaneously through a small incision on the back, which was closed with sterile surgical thread once the pellet was inserted.

The two aviaries were only visually separated, therefore we left 3--5 days gaps between sampling of the two flocks to avoid the confounding effect of stress potentially caused by sampling the neighboring aviary. To follow the effect of treatment, birds were captured, measured and a blood sample was collected on day 5 and 10 (clumped as first post-treatment, *t*~1~, sampling session), day 30 and 33 (clumped as second post-treatment, *t*~2~ sampling session), and day 59 and 62 (clumped as third post-treatment, *t*~3~ sampling session). For each of these post-treatment sessions, the first date is for one aviary, while the second for the other (the order was randomized). On each occasion, several persons simultaneously took blood samples from the birds. Samples that were taken within 3 min (measured from the time when the first person entered the aviary) were used to measure baseline CORT. The rest of the birds in the same flock were also sampled, but their blood samples were used for hematocrit, immune and oxidative parameter quantifications. Sample sizes for CORT and physiology, respectively, were as follows: *t*~1~: 11 and 27; *t*~2~: 13 and 26; *t*~3~: 12 and 26. In order to measure the effect of CORT treatment on feather quality \[[@pone.0192701.ref028]\], we plucked the two innermost rectrices prior to the implantation. The fully grown replacement feathers were plucked at *t*~3~ and we measured their dry mass using an analytical balance (± 0.1 mg).

Plasma CORT measurements {#sec005}
------------------------

Plasma CORT concentrations were measured by direct radioimmunoassay (RIA) following extraction using 3 mL of diethyl-ether \[[@pone.0192701.ref029]\]. The extraction was reconstituted with phosphate-buffered saline (PBS). We used a commercial antiserum, raised in rabbits against CORT-3-(O-carboxymethyl) oxime bovine serum albumin conjugate (Sigma-Aldrich, St. Louis, MO; product number: C8784). The reconstituted extracts were incubated for 48 h at 4°C with 100 μL of \[3H\]CORT (Perkin Elmer, product number: NET399250UC) and antiserum (diluted to 1:8 after reconstitution as per the manufacturer's instructions). The total volume of the assay was 1 mL. The radioactively labelled CORT had an activity of cca. 10K dpm. Bound and free CORT were separated by adding 100 μL dextran-coated charcoal (separation suspension: 10 g charcoal, 1 g dextran, 0.2 g commercial fat-free milk powder in 100 mL distilled water). After centrifugation, 800 μL of the bound fraction was added to 6 mL of scintillation cocktail (Optima Gold, Perkin Elmer) and counted in a liquid scintillation counter (Tri-carb 2800TR, Perkin Elmer). The minimum detectable level of CORT was 3.90 pg/tube and none of the samples fell below this limit. Mean recovery was 73.8% and intra-assay coefficient of variation was 7.4% based on 8 replicates. All samples were run in a single assay.

Oxidative physiology markers {#sec006}
----------------------------

We assayed four markers of oxidative physiology, three indicating antioxidant potential (total antioxidant status, TAS; uric acid, UA; total glutathione, tGSH) and one showing the level of lipid peroxidation (malondialdehyde, MDA). Detailed protocol description can be found elsewhere \[[@pone.0192701.ref030]\].

TAS is a composite measure of antioxidant capacity, expressing the cumulative ability of all non-enzymatic antioxidants found in plasma, such as vitamins, sulfhydryl groups of proteins and uric acid, to combat a simulated free radical insult. TAS was measured colorimetrically, from 5 μL of plasma, using the TAS kit (Cayman Chemical, Ann Arbor, MI). This assay relies on the ability of antioxidants in the plasma to inhibit the formation of ABTS^+^ from oxidation of ABTS (2.2′-azino-di-(3-ethylbenz-thiazoline sulfonate)) by metmyoglobin. An antioxidant of known concentration (Trolox) was used as a standard for the calculation of antioxidant levels in the samples. Values of TAS are expressed as mM Trolox equivalents. Repeatability of a sub-sample measured twice was moderate but significant (intraclass correlation coefficient, ICC = 0.54, 95% CI = 0.034--0.832, *F*~12,13~ = 3.37, *P* = 0.019). Since uric acid (UA) is a component of TAS as well as a product of amino acid catabolism, we controlled TAS for UA levels by OLS regression and calculated residual TAS (as suggested by \[[@pone.0192701.ref031]\]). Results about residual TAS were highly similar to that of raw TAS and therefore were omitted throughout.

UA concentration of plasma was determined spectrophotometrically from 5 μL of plasma using the uricase/peroxidase method (Uric Acid liquicolor kit, Human, Wiesbaden, Germany). Results are given as mg/dL plasma. Repeatability of duplicate measures was very high (ICC = 0.99, 95% CI = 0.965--0.995, *F*~16,17~ = 15.3, *P* \< 0.001).

Glutathione is the most significant intracellular, endogenous, non-enzymatic antioxidant \[[@pone.0192701.ref032]\]. tGSH concentration was assayed by means of a commercial kit (Sigma-Aldrich, St. Louis, MO; according to \[[@pone.0192701.ref032]\] and \[[@pone.0192701.ref033]\] with modifications \[[@pone.0192701.ref030]\]). Results are given in nmol/mg of red blood cells. The repeatability of the sub-sample measured twice was high (ICC = 0.82, 95% CI = 0.53--0.94, *F*~13,14~ = 9.88, *P* \< 0.001).

MDA is a carbonyl compound that results from the peroxidative degeneration of membrane polyunsaturated fatty acids by reactive oxygen species, and thus it is a widely used marker of oxidative stress \[[@pone.0192701.ref034]\]. Briefly, MDA concentration was determined from 10 μL of plasma by High Performance Liquid Chromatography (HPLC) on a HPLC SUPELCOSIL^TM^ LC-18 column (5 μm particle size; Sigma-Aldrich) with UV detection at 254 nm (Jasco, UV-2075 Plus, Japan). Detailed methodology can be found elsewhere (see \[[@pone.0192701.ref030]\]). The repeatability of the sub-sample measured twice was very high (ICC = 0.97, 95% CI = 0.911--0.989, *F*~14,15~ = 62.2, *P* \< 0.001). Recently, it was found that plasma triglyceride and MDA levels might correlate at least in certain species \[[@pone.0192701.ref035]\]. Although we did not measure triglycerides from the samples of the present study conducted in 2011--2012, we did so in a recent study conducted in 2014--2015 and found no association between triglycerides and MDA in house sparrows (*β* (SE) = --0.13 (0.15), *F*~1,58~ = 0.82, *P* = 0.370, *R*^2^ = 0.01).

Condition, immunity measures and coccidian infestation {#sec007}
------------------------------------------------------

Packed red blood cell volume or hematocrit (Ht %) determines the oxygen transportation capacity of the peripheral blood, and thus it is frequently used as a proxy of condition in wild birds, where low Ht % values can be interpreted as signs of a poor condition \[[@pone.0192701.ref036]\]. Ht % was expressed as the proportion of the erythrocyte fraction to the total amount of blood measured after the capillaries were centrifuged (with digital caliper, ± 0.01 mm). Ht % was not measured for samples collected at *t*~0~, but was quantified shortly prior to this (4 and 8 November), hence we used the latter to test whether Ht % differed between the experimental groups before the treatment.

The humoral components of innate immunity (i.e., the levels of the natural antibodies and complement) were assessed using a modified hemolysis--hemagglutination assay \[[@pone.0192701.ref037]\], described in detail elsewhere \[[@pone.0192701.ref038]\]. The only modification related to our previous work was that here we used a freshly isolated 2% Wistar red blood cell suspension. Briefly, the blood was collected into a heparinized blood collection tube, centrifuged at 300 g for 10 min at 4°C and then washed three times in PBS (1:1, v:v). In this assay, agglutination reflects the activity of the natural antibodies (NAbs), while lysis represents the interaction between the natural antibodies and the complement \[[@pone.0192701.ref037],[@pone.0192701.ref039]\].

Coccidians are unicellular epithelial parasites that are amongst the most pervasive parasites of birds \[[@pone.0192701.ref040]\]. At the end of the experiment, sparrows were placed in individual cages to quantify the level of *Isospora lacazei* coccidian infestation by measuring the rate of oocyst shedding two consecutive days (for details, see \[[@pone.0192701.ref041],[@pone.0192701.ref042]\]). Coccidians from the genus *Isospora* shed oocysts predominantly during the late afternoons, therefore fecal samples were collected shortly before sunset. The number of oocysts was counted in McMaster chambers and the infestation intensity was expressed as the number of oocysts per g of feces. The oocyst counts of the two days were averaged for each individual and this value was used in the statistical analyses.

Statistical procedures {#sec008}
----------------------

Birds were housed in two separate aviaries, therefore we used mixed-effects models with aviary identity included in all models as a random factor. When analyzing variables that were measured repeatedly during the experiment (baseline CORT, body mass, Ht% and redox state variables), bird ID was entered in the models as an additional random factor. For Gaussian response variables (body mass, Ht %, all four oxidative physiology markers and coccidian infestation) we used general linear mixed-effects models (LMEs; 'lme' function of the R package 'nlme'; \[[@pone.0192701.ref043]\]). For innate immunity variables we used generalized linear mixed-effects models (GLMMs; 'glmer' function of the R package 'lme4'; \[[@pone.0192701.ref044]\]) with Poisson error distribution. We assessed the effect of population of origin by comparing models with and without population as a fixed factor and using likelihood ratio statistics in the case of each response variable. Including population of origin did not increase the models' fit, therefore birds originating from the two populations were pooled throughout the subsequent analyses. All models included two fixed factors, treatment groups and sampling sessions, and also their interaction. In addition, we added to these models body mass as a continuous covariate and its interaction with treatment to assess whether CORT implantation has a condition-dependent effect on physiology. The control group was set as reference group throughout the analyses. Model summary tables were called by functions 'summary' or 'Anova' (the latter from R package 'car'; \[[@pone.0192701.ref045]\]), which use type III SS. The former yields estimates (*β*) and *t*- or *z*-statistics (LME and GLMM, respectively), while the latter gives *χ*^2^ statistics. We also assessed the effect of treatment on response traits for each sampling session in separation to check whether treatment has an effect only during some of the sessions. All statistical analyses were carried out as implemented in R computing environment version 3.2.0 \[[@pone.0192701.ref046]\]. All the tests were two-tailed and *P* ≤ 0.05 was considered significant throughout. Model assumptions were assessed by graphical diagnosis.

Ethics statement {#sec009}
----------------

Birds were handled in strict accordance with good animal welfare and ethical prescriptions. The sparrows were housed in indoor aviaries enriched with perches and nest boxes (for hiding and roosting), had *ad libitum* access to a mixture of seeds (sunflower, wheat, barley and corn) that was supplemented with grated boiled eggs every 4th day, and they received fresh drinking water every day. Grit was also provided for helping seed digestion and dust bathing. Aviary circumstances are described in detail elsewhere \[[@pone.0192701.ref047]\]. Birds seemingly habituated to captive conditions during the three months of acclimation between early August and middle of November, since after the initial weight loss during the first week of captivity they regained weight by the start of the experiment (mean (g) ± SE; field: 30.0 ± 0.28; first week in captivity: 27.0 ± 0.22; after acclimation and before CORT implantation: 29.5 ± 0.32). Two birds died for unknown reasons during the almost six months of the study. Note, however, that the survival rates of wild and other aviary populations are seldom higher \[[@pone.0192701.ref048]\]. The rest of the sparrows were released in good condition at the site of capture on 26 January 2012. Experimentation was approved by the Romanian Academy of Sciences (permission \#2257) and the study complied with the laws of Romania.

Results {#sec010}
=======

Experimental groups did not differ in body mass, oxidative physiology and immunity (all *P* ≥ 0.108) prior the treatment (i.e. *t*~0~). Note, however, that Ht % was lower in the control group a few days before *t*~0~ (mean ± SE for control vs. CORT-treated: 55.77 ± 0.74 vs. 58.85 ± 0.89; *F*~1,35~ = 7.17, *P* = 0.011).

Treatment effectiveness {#sec011}
-----------------------

Based on the small subset of sparrows that were sampled for baseline CORT, we found that the pellet implants significantly increased the hormone level of CORT-treated birds (LME, *χ*^2^~1~ = 4.33, *P* = 0.037), but hormone levels did not differ between sampling sessions (LME, *χ*^2^~1~ = 0.19, *P* = 0.909) and the treatment × sampling session interaction was also non-significant (*χ*^2^~2~ = 2.78, *P* = 0.249). There was a marginally non-significant difference between treatment groups during *t*~1~ (*β* (SE) = 4.67 (2.24), *t* = 2.08, *P* = 0.059), while no difference was observed between treatment groups during *t*~2~ and *t*~3~ (*t*~2~: *β* (SE) = 0.64 (1.99), *t* = 0.32, *P* = 0.755; *t*~3~: *β* (SE) = --0.03 (2.07), *t* = 0.02, *P* = 0.987; [Fig 1a](#pone.0192701.g001){ref-type="fig"}).

![Treatment effectiveness.\
The effects of CORT-implantation on (a) plasma CORT levels during the first, second and third post-treatment sampling sessions (*t*~1~, *t*~2~ and *t*~3~, respectively) and (b) feather mass of replacement middle rectrices in post-molting house sparrows (feather insets are representative for the two treatment groups). Mean ± 1 SE are shown throughout. Sample sizes for CORT levels are 11 at *t*~1~, 13 at *t*~2~ and 12 at *t*~3~.](pone.0192701.g001){#pone.0192701.g001}

The regrown retrices in CORT-treated birds had substantially smaller mass than in control birds (mean masses for control and CORT-treated groups are 8.81 and 7.63 mg, respectively; LME, *χ*^2^~1~ = 17.29, *P* \< 0.001; [Fig 1b](#pone.0192701.g001){ref-type="fig"}). The effect of CORT-treatment on feather synthesis was also reflected by the aberrant coloration at basal parts of replacement feathers in CORT-treated birds (see feather insets on [Fig 1b](#pone.0192701.g001){ref-type="fig"}).

Condition and physiology {#sec012}
------------------------

Similarly to the effects of treatment on baseline CORT titers, implants had transient and mild effects on condition and physiology. CORT-treated birds had lower body mass and significantly lower Ht % values ([Table 1](#pone.0192701.t001){ref-type="table"}). This treatment effect is apparent at *t*~1~ (body mass: *χ*^2^~1~ = 5.13, *P* = 0.024; Ht %: *χ*^2^~1~ = 55.44, *P* \< 0.001), but both of these differences disappeared by *t*~2~ and *t*~3~ (body mass: all *P* \> 0.248; Ht %: all *P* \> 0.258; [Fig 2a and 2b](#pone.0192701.g002){ref-type="fig"}). Note that Ht % was lower in CORT-treated than control birds at *t*~1~, despite the opposite trend prior to the experiment (see above).

10.1371/journal.pone.0192701.t001

###### Physiological effects of chronic CORT treatment.

LMEs for body mass, hematocrit (Ht %), redox state markers (TAS---total antioxidant status, UA---uric acid, tGSH---total glutathione, MDA---malondialdehyde; for residual TAS, see [Methods](#sec002){ref-type="sec"}) and coccidian infestation, and GLMMs for innate immunity variables (natural antibodies \[NAbs\] by hemagglutination score and complement by hemolysis scores). Degrees of freedom are 1 for treatment and 3 for sampling and treatment × sampling throughout. Significant effects are marked in boldface and marginally significant effects (0.05 \< *P* ≤ 0.10) in italic.

![](pone.0192701.t001){#pone.0192701.t001g}

  Response           Treatment (T)   Sampling (S)   T × S                          
  ------------------ --------------- -------------- ------- -------------- ------- --------------
  **Body mass**      1.30            0.254          12.10   **0.007**      6.02    0.111
  **Ht %**           84.45           **\< 0.001**   13.54   **0.001**      69.28   **\< 0.001**
  **TAS**            0.01            0.942          5.99    0.112          1.22    0.748
  **Residual TAS**   0.00            0.962          4.69    0.196          0.97    0.809
  **UA**             0.01            0.924          17.98   **\< 0.001**   1.51    0.681
  **tGSH**           2.75            *0*.*097*      10.31   **0.016**      6.57    *0*.*087*
  **MDA**            0.00            0.961          5.86    0.118          4.62    0.202
  **Coccidiosis**    0.73            0.394          --      --             --      --
  **NAbs**           4.01            0.260          15.12   **0.010**      2.96    0.398
  **Complement**     2.63            0.105          25.64   **\< 0.001**   7.05    *0*.*070*

![Physiological effects of chronic CORT treatment.\
The effects of CORT-implantation on (a) body mass, (b) hematocrit, (c) total antioxidant status, (d) uric acid, (e) total glutathione, (f) malondialdehyde, (g) hemagglutination, (h) hemolysis and (i) coccidian infestation in post-molting house sparrows. Sampling sessions: *t*~0~ --pre-treatment, *t*~1~, *t*~2~ and *t*~3~ --first, second and third post-treatment, respectively. Hematocrit was not measured during the pre-treatment sampling session (but see [Materials and methods](#sec002){ref-type="sec"} and [Results](#sec010){ref-type="sec"}), while coccidian load was only counted after the termination of the experiment. Mean ± 1 SE are shown throughout, except for panels (g) and (h) where median, inter-quartile range and range are plotted, and dots denote outliers. Body mass and hematocrit was measured for all birds at *t*~1~, *t*~2~ and *t*~3~, while samples sizes for oxidative stress and immunity variables are 27 at *t*~1~, 26 at *t*~2~ and 26 at *t*~3~.](pone.0192701.g002){#pone.0192701.g002}

CORT treatment did not affect TAS, UA and tGSH levels ([Table 1](#pone.0192701.t001){ref-type="table"}; [Fig 2c--2e](#pone.0192701.g002){ref-type="fig"}) at any of the post-treatment sampling sessions (TAS: all *P* \> 0.292; UA: all *P* \> 0.272; tGSH: all *P* \> 0.242). Oxidative damage to lipids (i.e. MDA) appeared to be also similar between experimental groups ([Table 1](#pone.0192701.t001){ref-type="table"}). Nonetheless, CORT-treated birds had significantly lower MDA levels than control birds both at *t*~1~ and *t*~2~, while this difference decreased and was not significant at *t*~3~ (*t*~1~: *χ*^2^~1~ = 4.88, *P* = 0.027; *t*~2~: *χ*^2^~1~ = 3.99, *P* = 0.046; *t*~3~: *P* = 0.813; [Fig 2f](#pone.0192701.g002){ref-type="fig"}).

CORT treatment did not influence the activity of NAbs (i.e. hemagglutination score), nor did it have an effect on the complement system (i.e. hemolysis score; [Table 1](#pone.0192701.t001){ref-type="table"}). The activity of NAbs was similar between the two experimental groups at all three post-treatment sampling sessions (all *P* \> 0.136; [Fig 2g](#pone.0192701.g002){ref-type="fig"}), while CORT-treated birds had significantly higher complement scores at *t*~2~ and marginally higher at *t*~3~ (*t*~1~: *χ*^2^~1~ = 0.50, *P* = 0.481; *t*~2~: *χ*^2^~1~ = 8.54, *P* = 0.004; *t*~3~: *χ*^2^~1~ = 2.87, *P* = 0.090; [Fig 2h](#pone.0192701.g002){ref-type="fig"}). The level of infestation by coccidians was similar between the two experimental groups following *t*~3~ ([Table 1](#pone.0192701.t001){ref-type="table"}; [Fig 2i](#pone.0192701.g002){ref-type="fig"}).

The addition of body mass to the above models had an effect only on innate immunity. Leaner birds had lower NAb levels (GLMM, *β* (SE) = 0.97 (0.29), *z* = 3.33, *P* \< 0.001) and lower complement activity (GLMM, *β* (SE) = 0.67 (0.34), *z* = 2.01, *P* = 0.045). In case of NAbs, the interaction between body mass and CORT treatment was also significant (GLMM, *β* (SE) = --1.09 (0.28), *z* = 3.83, *P* \< 0.001). The latter interaction indicated that the activity of NAbs was unrelated to body mass in the CORT-treated group (*β* (SE) = 0.09 (0.06), *z* = 1.50, *P* = 0.133), but was positively correlated with body mass in the control group (*β* (SE) = 1.27 (0.32), *z* = 4.02, *P* \< 0.001). In case of the complement, inclusion of body mass did not modify the effect of CORT treatment (comparison of treatment groups per sampling session, *t*~1~: *P* = 0.990; *t*~2~: *P* = 0.009; *t*~3~: *P* = 0.227).

Discussion {#sec013}
==========

In this study we experimentally induced an elevation of circulating CORT levels within the natural baseline range in house sparrows and we investigated several response variables at the (1) cellular and (2) individual (physiological) levels. At these levels, we found that CORT-treated birds had (1) lower amount of oxidative damage, but similar glutathione concentrations, (2) an initially lowered hematocrit, but on a longer term an enhanced activity of their innate immune system, and (3) temporarily lower body mass, but similar coccidian infestation. These results suggest that small increases in circulating CORT levels may have complex effects on condition and physiology, as the direction, strength and duration of CORT-induced effects varied largely among response variables.

Treatment effectiveness {#sec014}
-----------------------

CORT pellet implantation transiently increased plasma CORT titers within the range of natural variation in baseline CORT of house sparrows characteristic to the post-molt--wintering life-history stages (\~8.5 ng/mL), not reaching the acute stress-induced levels (above 15--20 ng/mL) \[[@pone.0192701.ref049]\]. It should be noted, however, that---in order to avoid capture stress-induced interference with CORT treatment---we did not sample birds during the first days post-implantation, when a spike in CORT titer that exceeds the baseline range might have occurred \[[@pone.0192701.ref006],[@pone.0192701.ref050]\]. Moreover, CORT treatment reduced the mass of the newly-grown tail feathers, which corroborates a well-documented negative effect of elevated CORT levels on feather development \[[@pone.0192701.ref028],[@pone.0192701.ref051]--[@pone.0192701.ref053]\]. Together, these results clearly indicate that the exogenous hormone implantation significantly increased circulating CORT levels, at least during the first few days following implantation, but the effective duration of the treatment was shorter than anticipated. The number of birds that were sampled within three minutes and were therefore suitable for baseline CORT measurements was small, reducing the power of statistical analyses of this parameter. Nonetheless, the transient nature of the CORT treatment is probably not merely due to small sample size. During the years that passed since we conducted this experiment, it became clear that time-release pellets often do not provide the expected constant release dynamics in birds. Such pellets often produce an initial peak in hormone levels and then the hormone content rapidly depletes \[[@pone.0192701.ref006],[@pone.0192701.ref054]--[@pone.0192701.ref059]\].

Condition {#sec015}
---------

Weight loss is one of the most consistent physiological effects of CORT (e.g. \[[@pone.0192701.ref060]\]; reviewed by \[[@pone.0192701.ref027],[@pone.0192701.ref061]\]; but see \[[@pone.0192701.ref050]\]). Our results corroborate these findings, indicating that shortly after the implantation CORT-treated birds were lighter in weight than control birds. A direct inhibitory effect of GCs on erythropoiesis has also been demonstrated (\[[@pone.0192701.ref027],[@pone.0192701.ref036],[@pone.0192701.ref050]\]; but see \[[@pone.0192701.ref060]\]). Our result are in concert with this view, as the packed red blood cell volume (i.e. hematocrit) also dropped in CORT-treated, but not in control birds. These transient adverse effects of CORT treatment on condition might be indicative that the pellets produce an initial spike in hormone release that exceeds the baseline range of CORT titer (see e.g. \[[@pone.0192701.ref006]\] for 7-days release pellets), despite pellets being developed for steady hormone release. Alternatively, the priming of oxidative physiological and immunological systems by a chronic stress state (see below) might have costs that manifest as weight loss, erythropoiesis deficiency and lower quality feathers that all might have negative fitness consequences \[[@pone.0192701.ref053],[@pone.0192701.ref062]\]. Our experiment also highlights that these effects of CORT are also apparent in the energetically least demanding period of the annual cycle (post-molt) and under *ad libitum* diet conditions. The latter further suggests that CORT implants produced an initial peak in CORT levels that affected body condition in a transient manner.

Innate immunity and coccidiosis {#sec016}
-------------------------------

The effects of GCs on immunity are often portrayed as inhibitory \[[@pone.0192701.ref012],[@pone.0192701.ref061],[@pone.0192701.ref063],[@pone.0192701.ref064]\]. Nonetheless, whether GCs suppress, redistribute or enhance the immune capacity highly depends on the form, duration and intensity of stress response and the immune measure under scrutiny \[[@pone.0192701.ref011],[@pone.0192701.ref012],[@pone.0192701.ref064]\]. This complexity might explain the controversial results that concern the immunomodulatory effect of GCs \[[@pone.0192701.ref005],[@pone.0192701.ref012],[@pone.0192701.ref061],[@pone.0192701.ref064]\]. Recent studies suggest that components of the innate immune system can be enhanced during short-term stress exposure (\[[@pone.0192701.ref012]\]; see also \[[@pone.0192701.ref065]\]). Moreover, innate immune responses were found to be the less sensitive to nutritional stress \[[@pone.0192701.ref011]\]. In line with these notions, Stier et al. \[[@pone.0192701.ref007]\] showed that CORT pellet implantation reduced antibody production, but did not affect constitutive innate immunity in barn owl *Tyto alba* nestlings. Bourgeon & Raclot \[[@pone.0192701.ref066]\] implanted female eiders *Somateria mollissima* with CORT pellets and found that treatment suppressed antibody production, but had no effect on cutaneous immunity, which involves innate and acquired cellular immune components. Butler et al. \[[@pone.0192701.ref067]\] found that CORT-implanted American kestrel *Falco sparverius* nestlings had higher level of cutaneous immune response than sham-implanted nestlings. Our results corroborate these three studies by demonstrating a positive effect of CORT-implantation on the activity of the complement system. Similarly to our findings, dietary restriction, that is known to double baseline GC levels in rats \[[@pone.0192701.ref068]\], facilitates adaptive immune response \[[@pone.0192701.ref069]\].

One obvious cost of impaired immune function during stressful conditions could be the increased susceptibility to parasites and pathogens. Previous studies showed both positive \[[@pone.0192701.ref024]\] and negative association \[[@pone.0192701.ref011]\] between the level of coccidian infestation and that of GCs. In our experiment the level of infestation by coccidians did not differ between the two treatment groups at the end of the experiment. Although coccidians are combated by cell-mediated acquired immunity via CD4+ helper T-cells \[[@pone.0192701.ref024]\], we previously showed that coccidian infestation can be associated with higher scores of natural antibodies and complement in house sparrows (\[[@pone.0192701.ref042]\]; but see \[[@pone.0192701.ref070]\]). Nonetheless, treatment group differences in the activity of the complement was only apparent shortly after the implantation and not at later sampling occasions. Therefore, the lack of difference in the level of coccidiosis between the two treatment groups is in line with the transient effect of CORT-implantation on immunity, which might both have disappeared by the time coccidian infestation was assessed (i.e. end of the experiment).

Redox state {#sec017}
-----------

Contrary to the expected adverse effects of chronic stress on oxidative homeostasis \[[@pone.0192701.ref017]\], recent studies showed also positive effects. For instance, baseline cortisol levels are positively associated with non-enzymatic antioxidant capacity in alpine marmosets *Marmota marmota* \[[@pone.0192701.ref071]\], and long-term exogenous cortisol treatment increased GSH levels \[[@pone.0192701.ref072]\]. Angelier et al. \[[@pone.0192701.ref073]\] also developed a framework that proposes oxidative stress as a mediator of the linkage between stress and telomere dynamics, and this framework involves GSH as a major component. Our findings do not corroborate the abovementioned results, as non-enzymatic antioxidant levels were similar in the two treatment groups. On the other hand though, the level of peroxidative lipid damage (MDA) remained low in the CORT-treated birds and increased in the control birds over the course of the treatment period. Male house sparrows experience an increased oxidative damage both in their natural environment \[[@pone.0192701.ref074]\] and in captivity \[[@pone.0192701.ref070]\] during the post-molt period. Our result thus suggests that CORT-treated birds were better able to cope with this period in terms of oxidative stress resistance, while control birds experienced significantly higher lipid peroxidation. At least two mechanisms can explain this result. First, GCs can remold the lipid composition of membranes, by means of reducing the fraction of polyunsaturated fatty acids, and ultimately membrane vulnerability to peroxidation \[[@pone.0192701.ref068]\]. Second, GCs induce heat shock proteins that are involved in cell damage repair \[[@pone.0192701.ref075]\]. These mechanisms, either in separation or in synergy, might have prevented the increase of MDA in CORT-treated birds.

These results are consistent with the concept of hormesis, i.e. an improvement in stress resistance (here against oxidation) at low increase of CORT levels, but a decline of the same parameters at high increase of CORT levels \[[@pone.0192701.ref004]\]. Studies that employed high intensity GC treatments found increased DNA damage and elevated peroxidation of lipids, but when GCs were administered at the short term (few hours to 4--5 days) antioxidant defenses were upregulated (reviewed by \[[@pone.0192701.ref076]\]). For instance, in a field study on wild barn owl nestlings, CORT pellet implantation induced a five-fold increase in baseline CORT and resulted in a subsequent lower resistance to oxidative challenge relative to controls \[[@pone.0192701.ref007]\]. However, smaller increases in GC levels reduced oxidative damage in rats and broiler chickens \[[@pone.0192701.ref021],[@pone.0192701.ref068]\], while heat stress increased the concentration of antioxidant enzymes in chickens \[[@pone.0192701.ref020],[@pone.0192701.ref021],[@pone.0192701.ref077]\]. Dietary restriction in rats that produced an increase in CORT levels comparable to the magnitude of our treatment also resulted in mitigated lipid peroxidation and activated heat shock protein response \[[@pone.0192701.ref068],[@pone.0192701.ref078]\]. Our results are also reminiscent of CORT's non-linear effect on spatial memory and a related brain region, the hippocampus. A low experimental increase of CORT in a food-caching species, the mountain chickadees *Poecile gambeli*, increased spatial memory and did not affect hippocampal volume and cells contrary to high experimental increase of CORT \[[@pone.0192701.ref079],[@pone.0192701.ref080]\].

Conclusions {#sec018}
===========

The physiological end-point of elevated baseline CORT levels is contingent upon magnitude and duration of increase in baseline CORT. Our treatment increased CORT levels within the baseline range over a short time period and, as such, it probably primed the physiological setting points and evoked shifts within the limits of controllable processes. Such adjustments generally help to maintain homeostasis or to cope with mild and predictable stressors contrary to an uncontrollable ('runaway') situation (i.e. long-term high CORT release and inefficient negative feed-back of the HPA axis; \[[@pone.0192701.ref081]\]). Collectively, these might explain the generally weak and, when significant, positive cellular and molecular physiological consequences of CORT pellet implantation in our study. However, this physiological priming might be paid off by weight loss, deficiency in erythropoiesis and low feather quality, which are costs that can have negative fitness consequences \[[@pone.0192701.ref053],[@pone.0192701.ref062]\].
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